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SUMMARY 
~en 24S-T a lclad cylinders of 20-inch diameter , 45- ~-
or 58-in cl1 length , and 0 . 012-jnch wall thickness, reinforced 
with 24S-T alu~inum alloy stri~g ers and rings were tested in 
pure bending. In th e middle oT the compression side of the 
cylind er s there was ~ cutout extending over 19 inches in the 
longitudina l d 1r ecti on, and over an angle of 45°, 90 0 , or 135 0 
in the ci rcumferential direction. The strain in the stringers 
and in the sheet covering was measured with metalectric strain 
gages. 
The stress distribution in the cylinders deviate con-
siderably from the linear law valid for cylinders without a 
cutout . The maximum strain measured was about four-thirds 
of the value c al cul a ted from t he MclI formula when I 
was taken as the momen t of inertia of the cross section of 
the portion of the c ~'linder where t h e cutout was situated. 
A diagram is presented containing t~e strain factors defined 
as the ratios of measured strain to strain calculated with 
the Mcl I for mula . 
All the 10 cylinders tested f a iled in general instability. 
Two symmetric and one antisymmetric pattern of buckling were 
observed a nd the buc k ling load appeared to be independent 
of the method of manuf a cture and the length of the cylinder. 
The buckling load of the cylinders having cutouts extending 
over 45° , 900, and 1350 was 6 6 , 47, and 31 percent, respec-
tively. of the buckling load of the cylinder without a cut-
out. 
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INTRODUCTION 
In the past 15 years a great deal of work has been done 
in order to clarify the stress distribution in and the failure 
of reinforced monocoque structures. Most of this work has 
been devoted to the problems of circular cylinders with cross-
sectional properties constant over their length. However, 
actual monocoque fuselages deviate considerably from this 
idealized type of structure, one of the most important devi-
ations resulting from the necessity to cut out portions of 
the shell in order to provide openings for doors , windows, 
and military equipment. 
Two major effects of t~e cutouts in monocoque cylinders 
are to be noted. One is the redistribution of stress in the 
neighborhood of the opening. In this report results of strain 
measurements are presented which were obtained at the 
Polytechnic Institute of Brooklyn with 10 circular cylinders 
tested in pure bending. A later report will contain theo-
retical calculations and a comparison of the theory with ex-
periment. It may be mentioned here, however, that good 
agreement has been obtained between the theoretical a.nd ex-
perimental axial stresses. 
The second item investigated is the effect of the cutout 
upon the failure of the cylinder. This effect is included 
in the one first mentioned if failure occurs in the form of 
material failure, local buckling of some thin-walled element, 
or buckling of a stringer between two adjacent frames. An 
entirely new problem arises, however, when failure is caused 
by general instability. 
General instability is defined as the simultaneous buck-
ling of the longitudinal and circumferential reinforcing 
elements of a monocoque cylinder together with the sheet 
attached to them. This type of buckling of r e inforced circu-
lar monocoque cylinders subjected to pure bending has been 
recently investigated in some detail at the Polytechnic 
Institute of Brooklyn and the California Institute of 
Technology under the sponsorship of the National Advisory 
Committee for Aeronautics (references 1 to 8). 
It is rather obvious that a cutout in a monocoque 
cylinder makes general instability possible under a load 
smaller than the buckling load of a complete cylinder. The 
second purpose of the investigations described in this report 
was to collect data regarding the buckled shape and the 
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bucklin g load of cylinders with cutouts of different sizes. 
In a later report an attempt will be made to develop a 
strain energy theory of the general instability of rein-
forced monocoque cylinders having a cutout. 
This inv e stigation, conducted at the Polytechnic 
Institute of Brooklyn, wa s sponsored by and conducted with 
the financi a l assistance of the Nationa l Advisory Committee 
for Aeronautics. The authors are indebted to Mr. Charles A. 
Wronw1ck of the ~ast New York Vocational High School for 
his advice and help in building the test specimens. The 
contribution of Mr. Eug e ne J . Bedell to the construction 
and testin g work also is gratefully acknowledged . 
LIST OF SYMBOLS 
c distance from neutral axis 
d stringer spacing measured along circumference 
E Young's modulus 
G shear modulus 
I moment of inertia of cylinder cross section with 
respect to neutral axis 
Ie moment of inertia with respect to the neutral axis 
of the cross section of the portion of the cylin-
der where t h e cutout is situated 
10 moment of iner t ia with respect to the neutral axis 
of the cross section of the complete cylinder 
(no cutout) 
M applied bending moment 
Mcr critical bending moment (at general instability) 
R 
t 
Yc 
strain factor (R = €exp/€calc) 
thickness of sheet covering 
distance from neutral axis of cylinder cross section 
with cutout 
\.' 
' . 
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Yo distance from neutral axis of cylinder cross section 
without cutout 
2w effective width of flat panel 
2w l effective width of curved panel 
'Y shear strain 
€ normal stra.in 
E:c norm a l strain in sheet in circumferential direction 
€calc calculated normal strain in axial direction 
€curved buckling strain of non-reinforced circular cylinder 
under uniform axial compression 
€exp experimental normal strain in axial direction 
buckling strain of flat panel under uniform com-
pression 
axial stra.in in stringer 
€x normal strain in sheet covering in axial direction 
~ Poisson's ratio 
a c normal stress in sheet in circumferential direction 
ax normal stress in sheet covering in axial direction 
T shear stress 
TEST SP ECIMENS, RIG, AND PROCEDURE 
The test cylinders are shown in figures 1 and 2. Th ey 
consist of a 24S-T alclad sheet covering of 0.01 2-inch t h ick-
ness, 16 24S-T aluminum alloy strin g ers of 3 /S-inch souare 
section, and a number of 24S-T aluminum a lloy ring s of 
1/8 by 3 /8 rectan gular section . The diameter of t h e cylinder 
is 20 inches, and the length either 45 inches, or 58 inches . 
Each cy linder h a s a cutout in its middle extending over 
three rin g fiel d s and two , four, or six stringer fields. 
Alto g ether 10 s p ecime n s were teste d . They were numbered 
consecutively from 16 to 25. The char a cteristics of each 
are g iven in t a ble 1. 
1 
• 
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The cylinders were constructed in a manner similar to 
that described in reference 2. Differences worth mention-
ing are the use of rivets spaced 0.643 inch apart in all 
but the first cylinder of the pre s ent series instead of 
machine screws sp a ced 0 . 714 inch apart, and the increased 
ring s p a cing a s compared to that of the cylinders of refer-
ence 2. Further det a ils may be found in figures 1 and 2 
as well as in table 1. 
The test ri g and the attachment of the cylinders to the 
rig are very much the same as those used in the tests de-
scribed in reference 2. Fi gure 3 shows that the cutout is 
always on th e lower, or compressio~ side o f the cylinder. 
The fi gure also cont a ins the designation o f the ring fields 
and strin g ers. 
The photo g r aph o f figure 4 shows a ll the par ts of the 
rig tha t differ from t h e ori g in a l ones used in the ex-
periments of re f erence 2 . They a re the strengt h ened type 
of lo a ding head, the heavier end rin g s, and the stronger 
stringer grip fittin gs att a ched to the end rin g s by 3/4-
inch diamet e r bolts. Ea ch grip fittin g contains a surface 
with machined an d case-hardened serrations to prevent any 
slidin g of the string er rel a ti v e to the end ring . 
As in the earlier tests t h e load was applied by means 
of a mech anica l jack, and its magnitude was measured by 
Bald\'lin-S ou thw a r k SR-4 met.:1l e ct ric s train g a ges t yp e A-I 
cementod to a calibrated load link . Th e strain in the test 
cylinders was measured in every stringer in two end bands 5t inohes from the ed g e of the end rings, and in the middle 
band in the plane of symmetry of t h e cyl i nder. The measure-
ments were made with two SR- 4 type A-I strain gages cemented 
to opposite sides of the stringer and connected in series in 
order to obtain the average normal strain in the stringer. 
Additional pairs of gages were arranged in other loc a tions 
when more infor mation was desired re g arding the strain 
distribution along a string er . In cylinder 24 the axial 
strain was also measured in the sheet in the middle band 
in the center of each string er field by 10 additional pairs 
of strain gages. 
In f our cylinders the strain distribution in the sheet 
was surveyed in more d e tail by the use of pairs of SR-4 
type R-4 eqUil ateral strain rosettes. Six to tw e lve pairs 
of rosett e s wer e cemented to the she e t cov e ring of th e se 
cylinders in t h e nei ghborhood of the cutout . The strain 
in t he A-l typ e strain ga g es wa s measured with the aid of 
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an SR-4 portable strain indicator, which is an electronics 
device. The strains in the rosettes and the load link 
were measured with an SR-4 control box, which contains a 
Wheatstone bridge. Switching was done by two Shallcross 
multiple switching units and by the tapered brass socket 
and plug arrangement used in the earlier tests. 
6 
During the tests the load was changed in increments of 
90 to 625 pounds, using greater values with cylinders having 
a small cutout and in the initial stages of loading, smaller 
values with cylinders having a large cutout and whcn the 
load was near the failing load. About 1/2 to 3 minutes were 
required to compl e te the change from one load to the next. 
The time nec e ss a ry for taking readings and check readings 
was 20 to 40 minutes at each stage of loading. A complete 
test to f a ilure took from 4 to 10 hours and was always com-
pleted within 1 day. 
The accuracy of t h e strain measurements was checked by 
tests made with a cantilever beam to which pairs of gages 
were cemented. The mAx imum error was found to be about 
±10 X 10- 6 inch per inch. The applied load was measured 
with an error of less than ±50 pound. 
ANALYSIS AND DISCUSSION OF TEST RESULTS 
Present a tion of Test Results 
Results of the strain measurements in the stringers 
are presented for each of the two end bands and for the 
middle band of e a ch cylinder. The pre ent a tion is in the 
form of diagr ams in which the str a in i s plotted against 
the distance of the stringer from the horizontal diameter 
of the cylinder. These basic data are contained in figures 5 
to 34. 
The strain measured in the sheet and the stress in the 
sheet calculated from the measured strain are recorded in 
the diagrams of figures 35 to 40. 
The variation of the strain set up in the stringers 
and sheet by the various operations of fastening the test 
; specimen proper to the end rings and the rig is shown in 
figures 41 to 45. 
... 
" 
" 
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The axial force and the bending moment calculated from 
the strain readings are compared in table 2 with the corre-
spondin g values obtained from the measurement of the app lied 
load . 
The ef f ect upon the strain distribution of the length 
of the cylind er and of the differences in its construction 
is presented in figure s 46 to 51 . Figures 52 to 57 give 
the v a riatio n of the s t rain along the edge stringer (the 
one borderin g the cutout) and the stringer next to it in 
the various stag es of loading . The axial strain distribution 
in the entire cylinder is shown in figures 58 to 63 for an 
applied bending moment of 35,000 inch- pounds. The vari-
a tion of t h e strain in the most highly compressed stringers 
with moment is presented in figures 64 to 7 2 . 
The effect of the size of the cutout upon the strain 
is given in four groups of drawings. In the first, figures 
73 to 75 t the strains a re plotted against the distance of 
the stringer from the h orizontal diameter of the cylinder. 
Figur e s 76 to 78 contain plots of the changes in strain in 
individual stringers. The ratios of cfl.lculated and ob-
served stringer strain are presented for the convenience of 
the desi gner in fi gures 79 to 8 2 . Finally, figure 83 shows 
the shift of the neutral axis. 
The changes in the size of the cutout caused by the 
application of the lo a ds also were measured. The values 
obtained are plotted in figures 84 and 85. 
Figures 86 to 89 show the variation of the maximum 
strain with the size of the cutout and the a p plied moment. 
In figure 90 the maximum moment (at bucklin g ) is plotted 
against the size of the cutout. Data regarding the buckling 
of the cylinders are assembled in table 3, data concerning 
the behavior a f ter buckling in table 4. 
No n-Linearity of the Normal Strain Distribution 
It is cus t omary in airplane stress analysis. and entirely 
justif i ed, to assume t h at the normal stress is distributed 
accordin g to a linear law, a nd that the neutral axis is the 
horizontal d iameter of the cylinder. when a pure bending 
moment is app lied in a vertical plane to a reinforced 
monocoque cylind er. The linearity of the stress distri-
bution is a consequence of the assumption that plane sections 
perpendicular to the axis of the unloaded cylinder remain 
"----- - - -- --- - - -
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plane and perpendic~lar to the axis when the cylinder is 
distorted by the applied moment. The stress distribution 
remains linear even when the sheet covering buckles on the 
compression side of the cylinder but the neutral axis shifts 
toward the tension side. The normal stress still can be 
calculated by the simple Mc/l formula, provided in all 
those panels where the sheet is in a buckled state the 
effective width of the sheet rather than the total width 
is consid e red when the centroid and the moment of inertia 
of the section are determined. 
These conclusions were borne out by the experiments 
described in reference 2. The situation is entirely 
different, however, when there is a cutout in the monocoque 
cylind er. Stringers of which portions are cut out offer 
little resistance to axial displac eme nt sO that the stress 
distribution in the cylinder is not linear when the end 
sections of the cylinder remain plane during the distortions. 
Conversely, if the stress is applied to the end sections of 
the cylinde r corresponding to the linear pattern assumed in 
bending t heo ry, then during the ensuing distortions of the 
cylind er the end sections do not remain pl ane . 
In the experiments presented here the end sections of 
the cylinder we re forced to remain plane during the tests. 
In the tests of ref ere nc e 2 some shimming was nec es sary in 
order to achieve linearity of the displacements and this 
l inear ity could be chec k ed with the aid of the strRln g a ge 
r e ~dings . In the present tests no direct che c k of the 
lin earity of the displacements was possible, since a pl an e 
end section did not correspond to a linear str a in distri bu tion. 
Ne~ er theless, the rigidities of th e end rings and the load-
ing head ar e believed to have been sufficient, becau se these 
el emen ts were materially heavier than those used in the tests 
described in reference 2, while the maximum applied moments 
were cons ider ably smaller. 
An indirect proof of the plane distortion pattern at the 
end rings Was obtained a nalytically. The stresses in the 
stringers were calculated on the basis of the assumptio n that 
the end rings renain plane , and the strain distribution ob-
tained wa s in g ood agreement with that measured. Details of 
these c al culations and comparisons will be given in a sepa-
rate rep ort. 
If there is a cutout in a reinforced monocoque cylinder, 
at some distance from the cutout in the axial direction both 
the displacements and the stresses will be distributed line a rly 
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within the accuracy required in engineering calculations. 
It appears, however, that t~is distance is considerable, 
probably greater than the length of the portion of any 
actual fus elage that can be regarded. as uniform and cylin-
drical. This statement holds if the size of the cutout is 
of the order of magnitude of those investigated. In any 
section closer to the cutout than the distance at whi ch 
the effect of the c~tout becomes nogli~ible, as a rule, 
neither the (lisplacements nor the stresses are distributed 
linearly. In the present tests linearity of the displace-
ments was stipulated at the end scctions~ since it is con-
sidered to be in better agreement with reality than a 
linearity of the stress distribution and also since it is 
easier to realize in experiment. 
As in ref~rence 2, the fund amental strain data obtained 
in the tests are presented in a number of diagrams. In fig-
ures 5 to 34 the ordinate is the distance of any individual 
stringer from the horizontal diameter of the cylinder, and 
the abscissa is the strain measured in the stringer. The 
following observations may be made in connection with these 
diagrt.ms : 
1. On the tension side of the cylinder the strain, and 
cons e quently the stress, is distributed according to a linear 
law in good approximation. 
2. The neutral axis is shifted considerably toward the 
upper side. (It should be remembered. that the cutout is 
situated on the lower side.) The amount of shift increases 
with incr easing size of the cutout and with increasing bend-
ing moment. 
3. On the compression side of the cylinder clo se to the 
neutral axis the strRin (and stress) distribution is sensibly 
linear . 
th a t of 
The slope of the straight line is often greater than 
the line on the tension side . 
4. In the middle of the cylinder, that is, in the middle 
band, the compressive strain increases, as a rule, more rapidly 
than according to a straight line farthe~ away from the neu-
tral axis. The deviation from linearity, however, is not 
substantial as long as the applied bending moment is not 
large. Close to the maximum load the curvature of the 
strain line often reverses and the deviations from linearity 
become l a rge. 
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5. At the ends of the cylinder, that is. 1n the end 
bands, the str a in, and thus also the stress, ~ncreases less 
rapidly than according to a straight line farther away from 
the neutral axis. Up to the edge of the cutout the devi-
ation from linea rity is not subst ~ntial when the applied 
bending moment is Lot very l a rge. Beyond the edge of the 
cutout the strain decreases rapidly. 
6. The agr eement is good between t h e strain vnlues 
measured at the two ends of the cylinder. Such is the 
Ca se also in reg~rd to tho strain s measured in stringers 
situa t e d symm e trically with respect to the vertical axial 
pl ane of sym metry. 
Strain and Stress in the Sheet Covering 
A check of the strain distribution in the sheet cover-
ing at the midd le section of cylinder 24 was made possible 
by the application of a pair of strain Gages to the middle 
of each panel. The me asured values of the strain are shown 
in fi gure 30 together with the str a in in the stringers. It 
may be seen that on t he tension side t he strain in the 
sheet plots exactly on the curves of t he stri~ger strain for 
all loads. The coinci den ce is almost as good on the com-
pression side for the two lower lo a ds. Under the two higher 
loads, however, the strain in t he sheet has about the same 
value as und e r the two lower lo a ds. Apparently,the sheet 
buckled ap p roxima tely at the second st ag e of loading a nd 
the highe r applied mom e nts did not increase t h e average 
strain in the sheet. 
In cylinder~ 16 , 17 , 19, and 25 the strain was measured 
in so~e panels of the sheet by means of str a in rosettes. 
The values obtained with the three different sizes of cut-
outs are g iven in figures 35 , 37, and 39. The axial com-
ponent of the strain in the sheet was found to be in good 
agreement with the strain in the string ~rs at low loads 
when t hb sheet was not in a buckled st at e. When the panels 
buckl ed , the compressive strain in the sheet lagged behind 
the strain in th e stringers . Both the normu l strain in 
the c ir cumferential direction and the shear strain were 
c a lculated from the strain rosette data. The v alue s are 
given in the fisures mentioned. In g eneral, those str a ins 
a re s~all and decreas e as t he distance of the rosette from 
the stringer adjacent to t h e cutout increases. The cir-
cumf e r ential strain i s always t ensile. 
l 
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T~e stresses in the sheet were calculated with the Bid 
of the formulas 
G ::: [E / (1 1J.2)J( €X + lJ.€c) 1 x 
J 
G
c = [EI (1 1J.2)J(€C + IJ.€ ) ( 1 ) x 
T = Goy 
where x and c r efer to the axial and the circumferen tial 
directions, respectively. The values computed are given in 
figures 36, 08 , and 40. 
Initial Strains 
The initial strains c ~used by attaching the cylinder 
to the test ri g were investigated in the case of two cylinders. 
The results of the measurements made with cylinder 24 are 
pres ent ed in fi gures 41 to 45. The effect of placing end 
rin g iT o. 1 on the cylinder and fastening it to the cylinder 
by mRans of the stri ~ge r grip fittings and bolts is shown 
in fi ~u re 41. The i n itial stress decreases rapidly along 
the ax is of the cylinder and becomes insignificant at the 
~ther end. 
The distribution of the initial strain cau s ed by the 
attachment of ring No.2 is shown in figure 42 . The curve 
of the initial strain in the band next to ring No.2 re-
sembles that in the band next to ring No.1 presented in 
figure 41; except for an unusually high maximum in stringer 
16. The dec reas e of the initial stress along the cylinder 
is slower t h an in the case discussed before, This can be 
attributed to the effect of the rigid end ring at the other 
end of t he cylinder which prevented relative disp lacements 
of the far ends of the stringers. 
The atta chment of the test specimen to the end st an d 
caused comparative ly s ma ll stresses (fig. 43), its attach-
ment to t he load ing head insignifica nt stresses (fig. 44). 
The t o tal initial strains are presented in figure 45 . 
The corre £~ onding maximum stresses amount to 3000 psi tension 
in st rinE ~ r 16 clos e to the loading he~d, 2700 pSi - com-
press ion in the middle of the cylinder in the stringer at 
the edge cf the cutout, and 1250 psi tension in stringers 
1 and ~ near the end stand. 
_ __ ,. _ ___ ____ ~ _______ J 
" 
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In the middle band the initial strain was also measured 
in the sheet covering. In all the figures the values ob-
tained in the sheet fallon the curves drawn for the stringers. 
The initial stresses in stringers and sheet added up 
to zero resultant force and zero resultant moment in good 
approximation. 
With cylinder 22 the initial strains were somewhat 
smaller. Moreover, the initial stress in the middle band in 
the edge stringers was t ensile. It a.rn'::runte d to about 1,000 
psi. 
Although it is regrettable that the initial strains 
were so high, no method could be devised with the time and 
means available to reduce them to negligible quantities. 
To indicate the importance of the initial stress in relation 
to the stresses caused by the loading, it is noted that the 
maximum stress in the cylinders near buckling was of the 
order of 20,000 to 30,000 psi. The initial stress could 
not influence the stress distribution caused in the cylinder 
by the applied load at loads under which the sheet panels 
were not in a buckled state. No effect of the initial 
strain upon the buckling load of the cylinders in general 
instability was observe~ as follows from the uniformity of 
the critical bending moments with each size of cutout, and 
the smoothness of the curve ( see fig. 90) connecting the 
points corresponding to the different sizes of cutouts. 
Moreover, cylinder 22, in which the edge stringer was in 
tension, failed under the lowest buckling load of its group, 
while the buckling load of cylinder 24, in which the edge 
of the cutout was in compression, was the highest of its 
group. The deviation of the critical bending moments of 
these cylinders from the group averages, however, amounted 
to only 3.8 and 3 .0 percent, respectively. 
Equilibrium of Forces and ~oments 
The resultant force and the resultant moment were calcu-
lated from the strain measurements in each band. They are 
listed in table 2 together with the values of the applied 
moment. In the calculations it was assumed that on the 
tension side the entire sheet was fully carrying, while on 
the compression side the effective width of sheet was deter-
mined with the aid of the formulas 
I 
J 
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2w' ::: 2w + (E: diE: t )( d - 2\\') } curve s r 
2w = [E:flat/CE:str -E:curved)Jl/3d 
As in reference 2, equations (4), the critical values of the 
strain were taken as 
E:flat = 0.5 X 10- 4, } 10- 4 ( 3 ) E: curved = 3 X 
The agreement between the moments applied and calculated 
was found to be reasonably good. The axial force resultant 
was also small as compared to the total tensile force on 
the tension side and the total compressive force on the 
compression side of the cylinder the difference between 
which is the force r e sultant. There is a definite tendency 
for the calcul a ted ~oment to decrease in the direction from 
the loading head to t h e end stan d. The average decrease 
from one end b~nd to the other is about 9 percent of the 
applied bending moment for the first load, and about 8 per-
cent for the second load. As t h is fact was detected only 
when table 2 was set up after completion of the test series, 
it was not possible to establish definitely the reason fOr it. 
Strain Variation with Length of Cylinder and Method of Construction 
In figures 46 to 51 the strain diagrams obtained for the 
middle band and the average strain diagrams of the two end 
bands are pres e nted for an applied bending moment of 35,000 
inch-pounds. In each figure the diagrams corresponding to 
one size of cutout are shown to permit an evaluation of 
the effects upon the strain distrib Qtion of different total 
lengths of the cylinder and various methods of fabrication. 
As far as the effect of the length is concerned, the 
following conclusions may be drawn: 
1. The maximum strain in both the middle and end bands 
is smaller when the cylinder is longer. 
2. The strain distribution in the end bands is slightly 
closer to the linear law of strength of materials when the 
cylinder is longer. This is to be expected since the linear 
law corres p onds to the strain distribution in the end sections 
~--- ~--- ~-- --- ---- --- - - -
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of an infinitely long cylinder. The deviations from line-
arity are still very noticeable when the distance from the 
edge of the cutout to the end ring is equal to the diameter 
of the cylinder. 
3. The effect of the variation of the length 1s ~ore 
noticeable when the circumferential length of the cutout is 
small. 
In 7 of the 10 test cylinders the rings were attach ed 
to the sheet only at the intersections of the rings with 
the stringers. In the remaining three cylinders three 
additional equidist ~n t rivets were used in each panel for 
fastening together 'C!.J. e sheet and the r ing s on the com-
pression side of th e cylinder. The di ff erences between the 
strain diagrams of cylinders manufactured according to these 
two methods were slight and inconclusive. 
In cyl inder 16 bo 1 t s wer e us ed. thr oughout fo r fastcm lr:g 
together the sheet, stringers, and rings. The spacing of 
the bolts was 0.714 inch. Cylinder 17 was built identically 
with cylinder 16 except that it was rivet e d with a rivet 
pitch of 0.643 inch. The strain distribu tion in the two 
cylinders was similar with the bolted cylinder showing a 
slightly closer approach to the straigh t line law valid for 
cylinders without a cutout. 
Strain Variation a long Stringers 
In figures 52 to 57 the strain along one of the edge 
string e rs and the strain along the stringer adjacent to it 
are plotted for the different stages of loading. The curves 
are symn etrical to the middle section of the cylinder in 
good app roximation. In most of the diagrams there is a 
t e nd ency tow a rd slightly higher strains in band I than in 
band A . 
In figures 58 to 63 the strain distribution over the 
entire cylinder is shown in the form of strain trajectories. 
The cylind e r is imagined to be cut along a stringer and 
developed into the pl a ne of the dr a wing. The location of 
the strin g ers and rin g ('l is shown. Points in this surf11.ce 
subjected to the same strain are conn e cted with lines denoted 
as tr a jectories. Sin ce each tr~jectory represents a constant 
value of strain, the trajectories were co n structed by means 
of linear interpolation between the measured v a lues of the 
strain. 
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The trajectories may be visualized as the contour lines 
of a tODographic map of the strain surface. In figure 58 
they show distinctly a hill of stress concentration along 
stringers 8 and 10 with a peak in the middle of the cylinder. 
There is a deep valley in the region of stringer 9 extend-
ing from the cutout to the end of the cylinder. The strain 
distri-oution on the tension side of the cylinder lacks note-
worthy features. Figure 59 differs from figure 58 mainly 
by showing a definite increase of the strain from left to 
right. 
The distinctive feature of figures 60 and 61 is the 
appearance of curves resembling parabolas in the regions 
between the cutout and the ends of the cylinder . Theso 
curves demonstrate that the reduction in the value of the 
strain at the cutout decreases with distance from the cut-
out, and that at some distance from the cutout the strain 
distribution may again correspond to the linear law. It 
is to be noted that in figures 60 and 61 corresponding to 
the 58- and 45-inch long cylinders. respectively, the 
values of the strain at the end rings are almost identical. 
This indicates that an increase in the total length of the 
cylinder increases the length of the parabolic trajectories . 
Hence it might be necessary to build much longer cylinders 
than the present ones if an approximately linear strain 
distribQtion at the end rings is desired. 
It may be mentioned that the absence of the parabolic 
trajectories in figures 58 and 59 between the cutout and 
the end rings may be due to insufficient data for the 
strain in that region. 
Figures 62 and 63 show that the stress concentration 
hill 1s higher, steeper , and more extended, and the valley 
between cutout and end ring deeper when the cutout 1s longer 
in the circumferential direction. With the medium size cut-
out the strain at the ends of stringer 9 is practically zero, 
while with the large cutout there appears even a small tensile 
strain in stringer 9 next to the end rings. It may be pointed 
out that t h e interval between the trajectories in figure 63 
is twice that in figure 62. False conclusions will be 
avoided if this is kept in mind. 
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Variation of Str a in With Applied Moment 
The variation of the strain in the edge stringers and 
in th os e adjac ent to t he edge stringers "las plotted against 
the a ppli e d mom e nt for all the cylinders testod . Curves 
were also p lott e d for several additional stringers in some 
of th e c yl ind ers . The ab s cissa was the moment c orrected 
for the wei ght of t he lo a ding arm . The curves were used 
to obtain by extrapola ti on the valuAs of the strain at 
buc ~d in g . 
In this rep ort only the diagr a ms corresponding to 
cylind ers 16 ( r igs . 64 t o 66) . 21 ( riga . 67 to 69) . and 22 
(fi~ s . 70 to 7 2 ) are in c luded . The c onclusions drawn from 
these figures are now stated so that they apply as well to 
the cylinders for which no curves are presented . 
1. Curves drawn for str a ins me a sured in anyone cylinder 
at loca tions s y mmetrically situated with respect to either 
vertical pl a ne o f symmetry of the cylinder show good agree-
ment . 
2. All the strain-moment curves are substanti a lly 
str a igh t up to about one-half the buckling load . 
3 . From about one-h a lf to three- quarters of the buckling 
lo a d the str a ins increa se wit h moment more rapidly than in 
the initial st ag es of loading . 
4 . Above about t h ree-qUarters of the buc k lin g load 
the s t r a ins c han g e ra p i d 1 Y • In t h e end ba n d s the s t r a in 
in the edg e stringer drops . t h at in the adjacent stringer 
increases. Th e c~rves corresponding to t h ese stringers 
intersec t so t ha t the strain in the edg e stringer is 
smaller at buc k ling t h an th e strain in the adj a cent stringer . 
In the middle band the strain in the edge stringer keep s 
i ncre a sing but at a lower rate than the strain in the 
adjacent stringer. In th e c a se of cylinders 18. 23 , and 
25 the curves crossed so that t h e str a in at buckling was 
lower in t h e ed g e strin g er tha n in the adjacent one . In 
the other c y linders no crossing took place in the curves 
for t h e middle of the cylinder . 
5 . The statements under (4) are strictly v a lid only fo r 
the six cylinders that buc k led both sides outward, for one 
of the two cylinders that buckled both sides inward , and for 
one of two cylinders that buckled one side inwar d a nd the 
other outward. The devi a tions from this normal behavior 
, 
I 
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were slight in the case of cylinder 23, which buckled both 
sides inward; they were considerable in the case of cylinder 
20 which buckled one side inward and the other outward. 
With the latter the strain in the middle band dropped in 
both the edge stringer and the one adjacent to it on the 
side of the cylinder that buck led inward, and increased in 
both stringers on the side that buckled outward. In the 
end bands the strain in the stringer adjacent to the edge 
stringer dropp ed on t he side that buckled inward and in-
creased on the side that buckled outward. In the end bands 
the strain in the edge stringers dropped on both sides. 
6. The strain-moment curves for stringers on the tension 
side of the cylinder also deviated from linearity but to a 
much lesser degrEe than those corresponding to stringers on 
the compression side. 
Strain Va riation with Size of Cutout 
In figures 7Z. the strain diag rams of the end bands 
are comp ~ red for c~lindors having the three different sizes 
of cutout. The s ame comp a rison b a sed on the middle section 
is presented in figure 74, while figure 75 contains the 
strain distribu tion curves calculated for cylinders which 
have a const an t cross section identical with the cross 
section of the portion of the actual cylinder where the cut-
o~t is situa ted. The c a lculation was carried out for an 
applied moment of 35,000 inch-pounds, and the experimental 
curves were reduced to correspond to the same bending moment. 
The comparison shows that there is a reasonable agree-
ment between the experimental and the so-calculated strain 
distribution in the cut middle section. The maximum ex-
peri~ent al tensile strain is slightly smaller, and the maxi-
mum experimental compressive strain slightly larger than 
the corresponding theoretic a l values. 
In the complete end sections the strain distribu tion 
above the horizontal diameter of the cylinder is very 
similar to the distribution in t he cut middle section. From 
this line downward th o experimental strain falls off the 
theoretical straight line more and more rapidly. In this 
region, th e refore, the experimental strain is smaller than 
the theoretical strain. Tbe v a lue of the experimental strain 
actually decreases with distance from the horizontal diameter 
in the region where the stringers are cut. 
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Both the maximum strain and the deviations from linearity 
increase rapidly with increasing size of the cutout. 
The variation of the strain in each stringer with in-
creasing size of the cutout is shown in figures 76 to 78 . 
The first of these figures contains the experimental curves 
for the end bands , the second the experimental curves for 
the middle band, and the last one the calcul a t e d values 
correspondin g to a cylinder of constant section identical 
with the section of the actual cylinder at the loc a tion of 
the cutout . Comparison of these figures shows that the 
strain in the cutout portion does not differ much from that 
calculated for the cutout cylinder on the basis of the MclI 
formula. The deviations in the end b'lnds are substantial 
when the cutout is large. 
Figures 79 to 82 were prepared for the convenience of 
the designer. They giTe the strain factors R defined as 
the ratios 
of the experimental strain to the fictitious calculated 
strain . In the curves of figures 79 to 80 the ~asis of the 
comparison is t h e strain in the complete cylinder: 
where 10 is the moment of inertia of the full cylindrical 
section, and Yo is the distance of the stringer in which 
the strain is sought from the neutral axis of the cylinder 
in the same section. 
The curves of figures 81 to 82 are based on the sectional 
properties of the portion of the cylinder where the cutout 
is located. The theoretical strain is 
( 6 ) 
where Ie is t h e moment of inertia of the cross section of 
the portion of the cylinder ,here the cutout is located about 
the horizontal centro i d a l axis of the section, and Yc is 
the distance of the stringer in question from the neutral axis 
of the section. 
J 
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It may be seen from the diagrams that the strain factor 
R deviates greatly from unity when the basis is the com-
plete cylinder, while its value is close to unity when the 
basis is the cutout cylinder. Figures 79 and 80 are, there-
fore, considered reliable only in the case of cylinders 
closely resembling those tested. On the other hand, it is 
believed that stresses calculated with the aid of figures 
81 and 82 should prove useful even with cylinders differ-
ing considerably from those tested as long as the stringers 
are distributed uniformly around the perimeter, and the 
stresses are sought for a bending moment not greater than 
about one-half the critical bending moment in general in~ 
stability. This latter requirement does not eliminate the 
usefulness of these figures since in many monocoque cylinders 
with cutout failure does not occur by general instability. 
It should be noted that the cross-sectional properties 
must be based on the effective areas of the sheet cover-
ing in all those panels that are in a buckled state under 
the action of the bending moment . 
The strain diagrams showed a considerable amount of 
shift of the neutral axis from the horizontal diameter of 
the cylinder. In figure 83 the shift obtained from the ex-
perimental curves of the middle and end bands is plotted 
against the size of the cutout. The figure corresponds to 
an applied moment of 35,000 inch-pounds. The calculated 
location of the centroid of the section of the cutout portion 
is also shown. It is worth noting that the neutral axis of 
the complete end sections differs little from that of the 
middle section, and that both pass close to the centroid 
of the cross section of the cutout portion. 
Deflection Measurements 
The changes of the linear dimensions of the cutout due 
to loading were measured roughly, within about a sixty-fourth 
of an inc~, with the aid of a steel scale. The values ob-
tained are plotted against the applied moment for two repre-
sentative cylinders. The data shown in figure 84 refer to 
cylinder 16,which buckled symmetrically in the outwa rd 
direction, those shown in figure 85 to cylinder 20, which 
buckled one side in the inward and the other in the outward 
dir e ction. 
- -----
NACA TN No. 1013 20 
Magnitude and Location of Maximum Stress 
At low values of the applied moment the maximum strain 
always occurr ed in t h e middle of the edge stringer . At 
buckling the max imum strain was usually in the middle of 
the ed g e stringer, but in the case of cylinders 18, 23, and 
25 it occurred in the middle of the stringer adjacent to 
the edge stringer. 
The average maximum value of the strain in the three 
groups of cylinders corresponding to the various sizes of 
c utouts is plotted in figure 86 against the ratio of the 
applied moment to the average buckling moment of each group_ 
For the sak e of comparison the curve corresponding to 
cylinder 11 of refer e nce 2 which had no cutout is also 
shown. The four curves are similar . Th ey are alreost 
str a ight with a slight deviation in the upward direction 
when the applied moment is large. 
In fi gure 87 faired-in curves are presented for the 
experimental average maximum strain in the cylinder as a 
function of applied moment and size of cutout. The corre-
s p onding c al culated v a lues are shown in figure 88, the ratios 
experimental value d ivided by calcul a ted v a lue in figure 89. 
Figures 87 and 88 are re a sonably similar, but the lines in 
figure 87 are more curved than those in fi ~ure 88. The 
num er ical values of the experimental str a in are, as a rule, 
highe r than tho s e of the calculated strain. Except for 
very small lo ads the maximum str a in occurs when the cutout 
ext en ds over an angle of Rbout 100 0 • 
The curv es of the strain ratios v ary greatly with 
applied lead. For small loads they resemble ellipses, for 
hi gh lo ads t hey have steep maxima for v alues of the cut out 
angle clo se to 900. When the cutout is small the strain 
ratio fi rs t decreases, and t hen increases ag~ in with in-
creasing load. In the region of the max i na of the curves 
th e st r ain ratio in creases ste~dily with increasing lo ~d . 
Th e h i g~es t v~lue of the strain factor in the diagram is 1.39 . 
General Instability 
Each of the 10 cyli nders investigated failed in general 
in stabili ty . Three distortion patterns were ob~e rv e d at 
f ailure . Two of them were symmetric, both ed~e stringers 
bucklinp either in the inward or in the outwa~ d d ir ect ion. 
The third was Rntisymmetric, one edge st ringer buckling in 
the inward, t he other in the outward direction. 
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The instbbility data are collected in table 3. It 
may be seen tha t only 2 cylinders showed the antisymmetric 
pattern, a nd a comp a rison with table 1 reveals that both 
o f these cylinders ha.d a small-size cutout. Noreover, of the 
three cylind e rs in which the rings were also riveted to the 
sheet, two buckled symmetrically in the inward direction, 
and one antisymmetrically . No other cylinder buckled 
symmetrically in the inward dir e ction. The data contained 
in tabl a 3 show no corr ela tion between the buckling pattern 
on the one hand and the length of cylinder, s ize of cutout , 
and method. of construction on the other, except for the 
two it ems mentioned above, which , however, may be just 
incident al . It is believed possible thRt slight initial 
deviations of the center line of an edge stringer from a 
straight line determine whether the stringer will buckle in 
the inward or the outward direction. 
The ch ara cteristic features of the pattern of buckling 
are a ma in (inwa d or outward) bulge in the neighborhood of 
the midpoint of the edge stringer accompanied by a secondary 
bulge and four ~ inor bulbes . The crest of the secondary 
bulge is situated at a distance of one or two st~inger 
spacings from the edge stringer in t he circlmferen ti a l direc-
tion . The amplitude of the secondary bulge is smaller than 
or equal to that of the main bulge and the sense of the de-
flections is opposite to th a t of the main bulge . The crests 
of the minor bulges are between the edge ring and the second 
ring from the edge ring, their amplitudes are considerably 
smaller t han that of the main bulge, and the senses of their 
deflections alternate. Details of the defl e ct ed shapes are 
shown in the photographs contained in figure s 91 to 110. 
With each cylinder deflections of the edge stringers 
were observed well before buckling occurred. The deflections 
incre a sed gradu a lly and attaine d subst antial ma~nitudes be-
fore the cylin d er failed. Buckling itself occurred suddenly 
with 3 of the 10 c ylind ers, g radually with the others. 
Two of t :ilC qrlinders tl1at failed suddenly buckled anti-
sym met ric ally . one symmetrically in the inward direction. 
A c haracteristic feature of sudden buckling of the 
monocoque cyli nde r was t he sudden buc ~l ing of the edge 
ring in the i nward dire ction. At this stage of the loading 
the load link reading suddenly dropped, and there was a 
loud r eport . In table 4 the maximum load and the load after 
bucklin~ are listed for cylind ers 20 to 25 . In the case 
of g r adual buckling a maximum load was rea ched which could 
be maintained even though the deflections were greatly 
---------
--~~~- -----
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increased by lowering the end point of the loading arm. 
In such cases the test was continued until a drop in the 
load was observed. With each cylinder the load could be 
again increased after the test cylinders were left in the 
loading rig under load overnight, but the maximum load 
could never be reachod again. When the load w~s entirely 
released, and then again applied, the maximum value of the 
load during the second loading was 83 to 94 percent of the 
buckl~ng load. 
The critical bending moment of each cylinder is plotted 
against the size of the cutout in figure 90 . The v3lue 
corresponding to cylinder 11 of the test series of refer-
ence 2 is added in order to complete the diagram . It may 
be seen that the averages of the groups of points can be 
connected by a smooth curve . Moreover, the individual 
points deviate but slig~tly from the group averages. The 
percentage deviation is given in table 3. The maximum de-
viation is 2.5 percent with the group of cylinders having 
the small cutout, 7.5 perc6nt with that corre ponding to 
the medium cutout, and 3.0 percent with that corresponding 
to the large cutout. 
In each _roup there were cylinder of 45_ and 58-
inch len&th, and cylinders in which the rings were riveted 
to the sheet covering. 1 0 correlation was found between 
buckling load on the one hand, and length of cylinder and 
method of con~truc ion on the other. As far as the effect 
of the pattern of bucklin~ upon the buckling load is con-
cerned, it ma y be observed that cylinders th~t buckled 
antisymn c trically had the lowest buckling loads of their 
group , while those which buckled symmetrically in the in-
ward direction showed the highest buckling loads of their 
group . 
CONCLUSIONS 
From the strain measurements the following conclusions 
may be drawn: 
1. Considerable deviations from the commonly assumed 
linear law for the stress distribution were observed in all 
the sections of the cylinders, including the end sections 
of the long cylinders the length of which was eoual to 
approxim~tely three time~ the dia~eter of the cylinder . 
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2. On the tension side, and in the portion of the com-
pression side adjacent to the neutral axis the strain varies 
approximately linearly with distance from the horizontal 
diameter of t h e cylinder. In most cylinders the slope of 
the straigtt lines is different on the tension and the com-
pression sides. In t c e cutout portion of the cylinder the 
compr essive strain increases more rapidly than according 
to the straight line in the neighborhood of the edge stringer. 
In the complete portions of the cylinder the compressive 
strain decreases rapidly beyond the edge stringer. 
3 . The axial str ~ in in the sheet covering and that in 
the strinGers were found to plot along the same curves as 
lon g as the sheet was in the non-buckled st a te. 
4. The effect u po n the strain distribution of the 
method of construc tion , n , mely the use of bolts or rivets, 
and the rivetin g of the sheet to the stringers alone or to 
both strin gers and ring, wa s found to be slight. 
5. Incr easing the total len gt h of the cylinder always 
sli gh tly decreased the stress concentr a tion caused by the 
cutout. 
6. Up to about one-half the failing load the str~in in-
creases linearly in anyone string er with increasing ap9lied 
mom e nt . Beyond this load the strain incre ases more rapidly 
than accordin g to the straigh t li ne . Above about three-
quarters of the failing lo a d the strain distribution changes 
considerably. In the cutout ~ortion the increments in 
str ai n in the edge stringers tend to become smaller than 
those in the stringers adjacent to the edge stringers. In 
the complete portions of the cylinder the str n in in the 
ed ge stringers decreases, tha t in the adjacent stringers 
increases r apidly. 
7. In figures 79 to 82 strain factors are presented for 
each stringer and fo r any size of cutout from 0 0 to 135 0 • 
These factors are v a lid. for loads not greater than one-hA.lf 
t~e failing load . The str a in factors of figures 79 and 80 
are rati os of the average measured strain to the strain 
calCUlated froe t he conv ellt ion al MclEI formula with I 
representin g the moment of inertia of the complete cylinder. 
Some of these strain factors are very high , the maximum 
value being 6.7. In fifures 81 and 82 the strain facto~s 
ar e calculated in the s am e manner except that I is based 
on the section of t he cutout portion. It may be seen from 
the diagrams that the M c/~I formula represents a fair 
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approximation to the actual strain distribution when I is 
taken as the moment of inertia of the section of the cutout 
portion of the cylind er. The maximum value of the strain 
factor for the highly stressed compression stringers is 
1.17 in these tvo di a grams. For the highly stressed te n sion 
stringers t h e value of the strain factor is always less 
than unit;>r. 
8. The neutral Bxis of the cylinder in pure bending, 
when the bendin g moment is not greater than one-half of 
that corresponding to failure, passes approximately through 
the centroid of the cross section of the cutout portion 
of the cylinder. There is little difference between the 
location of the neutr a l axis in the cutout portion and the 
complete portion of the cylinder . 
9. Maximum str a in f a ct o s a re p l ott ed in f igur e 
89 for each 10 percent of the load at failure. They are 
based on the moment of inertia of the cross section of the 
cutout portion of the cylinder. The values of the maximum 
strain factors are greater than unity when the angle of 
the cutout is g reater than ~5°, the greatest value being 
1.39. All the curves correspondin g to more than 20 percent 
of the failin g lo a d have a maximum when the cutout extends 
over ap proximately 90 0 • 
10, The maximum strain was always observed in the cut-
out portion of the cylinder , In 7 c a e e s out of 1 0 
the ma ximum s tr a in wa s reacled in the edge stringer, in 
the remainin €; t h ree cases in t h e stringer adj a cent to the 
edge strin ge r. 
The following observ~tions were made regarding general 
instabilit y : 
1. Al l the 10 cylinders teated failed in gener a l in-
stability, Thr e e typ es of failure were observed. Two 
of them were sym~ etric, both ed g e strin g ers buckling either 
in t h e inwa~ d , or in the outward direction. One type was 
antisym~e tric, one e ~ Ee stringer failing in the inward, 
the other in the out ward direction. The most common type 
was t h e s ym ~ etric outward pattern according to which 6 
cylinders failed out of the 10 tested. 
2. Considerable deflections occurred before failure, 
the maximum ch a nge in the horizontal distance between 
corres p onding points of the edge stringers being almost 
one-half of an inch in the CAse of a cylinder with a small 
cutout. Three cylinders buckled suddenly, while the other I 
__ J 
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seven gradually reached a maximum bending moment which re-
mained practioally constant while the end point of the 
loading arm was further lowered. 
3. The buckling load was n~t influenced by the method 
of manuf actur e and the 1 ength of the cyl inder • It shoul d 
25 
be noted that one cylinder was bolted while the other nine 
were riveted. Six cylinders had the stringers alone riveted 
to the sheet, while in three the rings were also attached 
by rivets to the sheet On the compressic.n side. }'ive cyl-
inders were 58 inches, and five 45 inches long. 
4. Figure gO presents the ratio of the buckling moment 
of a cylinder having a cutout extending over 0 0 to 135 0 to 
that of a cylinder not having a cutout. In the case of the 
45°, 90°, and 135° cutouts the ratio was 0.66, 0.47, and 
0.31, resDectively. 
5. The drop in the bending moment at failure was com-
paratively small, amounting to 9 percent on the average. 
Moreover, the cylinders were able to carry this reduced 
load overnight, end it was even possible to increase the 
bending moment slightly o n the following day. 
Polytechnic Institute ~f Bro klyn, 
Brooklyn, N. Y., November 5, 1945. 
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TABLE 1 CYLINDER CHARACTERISTICS 
Cylinder Cutout Circumfercntinl. Length of Fasteners 
NwWer Length of Cutout Cylinder for for 
Stringers Rings 
Degrees Stringer fields in. bands 
16 45 two 45 7 Screws -
17 45 two 45 7 Rivots -
18 45 two 58 9 Rivets -
19 90 four 45 7 Rivets -
20 45 two 45 7 Rivets Rivets 
21 135 six 45 7 Rivets -
22 90 four 58 9 Rivots -
23 90 four 58 9 Rivets Rivets 
24 135 six 58 9 Rivets P.ivcts 
25 135 six 58 9 Rivets -
For all cylindors: Diameter: 20 in. 
Longth of each band: 6.43 in. 
Length of cutout: 3 bands 
Spacing of Ring Rivets 
Stringer (compression 
Fastoners side only) 
from to 
in. str~er Strin~r 
0.714 - -
0.643 - -
0.643 - -
0.643 - -
0.643 5 1.3 
0.643 - -
0.643 - -
0.643 5 13 
0.643 4 14 
0.643 - -
1/8 in. machino screws for fastening stringers and rings at thoir intorsection. 
Number of stringers: 16 
Thickness of sheet covoring: 0.012 in. 
TABLE 2. FORCE AND MOMENT mUILIBRIUM 
Qy~r 16 Cylinder 17 Cylinder 18 Cylindor 19 Cylinder 20 
)woment Forco Moment Force Moment Force Moment Forco Moment Force 
in.-lb. lb. in.-lb. lb. in.-lb lb. in.-lb. lb. in.-lb. lb. 
~~) 27700 0 34700 0 35600 0 33300 0 37400 0 23800 III 33400 -109 31200 269 34900 280 34500 -247 
First Load (c) 24500 -83 37000 61 32800 89 35600 278 37100 -365 
( d) ?,p8OO -61 39900 -81 34000 644 38200 -267 38400 -205 
(3.) 59700 0 71100 0 71300 0 66600 0 73200 
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Rows (a) - Applied load. 
Rows (b) - Computed from strains in band A. 
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ders. 
Rows (d) - Computed from str~ns in band G for 45 in. long cylinders, band I for 58 in. long cylin
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Figure 4.- Details of loading rig. A portion of the sheet 
covering and stringers is shown attached by means 
of stringer grip fittings to end ring number 2, which in 
turn is fastened to the loading head. Two stringer grip 
fittings are in the foreground and end ring number 1 is on 
the left. 
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FIG. II. STRAIN DIAGRAM OF CYLINDER 18 BAND A. 
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FIG. 12. STRAIN DIAGRAM OF CYLINDER 18 BAND E . 
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FIG. 14. STRAIN DIAGRAM OF CYLINDER 19 BAND A. 
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FIG. 16. STRAIN DIAGRAM OF CYLINDER 19 BAND G. 
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FIG. 17. STRAIN DIAGRAM OF CYLINDER 20-BAND A. 
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Figs. 35,36 NACA TN No. 1013 
BANDS 
STR.13 
B C 0 E F' 
Ex Ec -y Ex Ec -y Ex Ec -y 
(A) -99 32 39 - 98 31 51 -106 31 90 
STRI2 
(B) -200 63 32 -207 62 54 -224 63 124 
EX Ec -y Ex Ec -y Ex Ec 'Y 
(A) -168 53 23 -170 49 42 -173 49 73 
STR.II 
(B) -346 104 36 -3 62 95 30 -367 101 122 
Ex Ec -y Ex Ec -y Ex Ec -y 
(A) -231 72 95 -208 67 43 -280 93 199 
(B) -393 128 210 -334 102 55 -248 -23 254 
STR.IO 
ROWS (A) ... M· 34,700 IN. LB. 
ROWS (B)... M = 71,100 IN. LB. 
STR. 9 ALL STRAINS TO BE MULTIPLIED BY 10-0 
FIG. 35. STRAINS CALCULATED FROM ROSETTE DATA. 
CYLINDER 17 
BANDS 
STRI3 B C 0 E F' 
ax ac T ax (}c l' (}x (}c T 
(A) -1032 27 158 -1023 18 206 -1116 -9 364 
(B) -2090 35 129 -2174 -I 218 -2366 -48 50 1 
STR.12 
(}x (}c T (}x °c l' (}x (}c T 
(A) -1755 30 93 -1792 -23 170 -1827 -33 295 
(B) -3632 2 145 -3848 -157 121 -3885 -lOS 493 
STR. II 
(}x ac T (}x (}c T ax (}c l' 
(A) - 2416 31 384 -2168 53 174 -2909 104 804 
(8) -4092 117 848 -3501 21 222 -2941 1124 1026 
STRIO 
ROWS (A) .. . M = 34,700 IN. LB. 
ROWS (B) .. . M = 71 , 100 IN. LB. 
STR. 9 STRESSE5 GIVEN IN LB. PER SQ. IN. 
FIG. 36. STRESSES CALCULATED FROM ROSETTE DATA. 
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----- - - ---- --- ---
o 
NACA TN No. 1013 Figs. 37,38 
BANDS 
STR. 14 B C 0 E f 
E: x Ec y Ex E:c ,. 
(A) - 168 59 117 - 160 51 120 
(B) -373 95 32 - 367 121 247 
STR. 13 
STR. 12 
Ex E:c I Ex E:c I E: x E:c y 
(A) -294 94 143 ? ? 122 -289 95 39 
STR. I 
(B) - 497 172 294 ? ? 145 - 393 266 - 248 I 
ROWS CA) ... M = 33 ,300 IN. LB. 
. 
ROWS (B) ... M - 66,600 IN. LB . 
STR.IO ALL STRAINS TO BE MULTIPLIED BY 10- 6 
FIG. 37 . STRAINS CALCULATED FROM ROSETTE DATA. 
CYLINDER 19 
BANDS 
STR. 14 B C 0 E f 
Cfx Cfc T Cfx Cfc T 
(A) -1734 99 473 - 1670 35 485 
(B) -3975 - 195 129 -3816 126 998 
STR.13 
STR.12 
Cfx Cfc r Cfx Cfc r Cf>t ac. T 
CA) -3067 67 578 ? ? 493 -3006 96 158 
STR. II 
(B) -5139 264 1187 ? ? 586 -36 14 1709 -1002 
ROWS (A) ... M = 33,300 IN. LB. 
ROWS (B) ... M = 66,600 IN. LB. 
STR.IO STRESSES GIVEN IN LB. PER SQ. IN. 
FIG. 38. STRESSES CALCULATED FROM ROSETTE DATA. 
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Figs 39,40 NACA TN No. 1013 
BANDS 
B C 0 E r G 
STR.13 (x (c 'Y (x . (c 'Y Ex E:.c 'Y (x Ec 'Y (x ( c 'Y Ex Ec ry 
(A -122 90 - 8 8 - 233 86 -145 - 267 100 - 37 -236 ? ? -224 56 - 39 -232 174 - 64 
(6) -218 146 -222 -222 83 -103 -316 146 - 24 -324 88 - 65 -380 95 - 5 -328 496 -374 
STR. 12 
Ex (c 'Y Ex E.c 'Y 
(A - 83 43 149 - 90 33 -203 
(B -218 128 281 25 -132 -187 
STR . II 
Ex Ec 'Y Ex Ec 'Y 
(A 14 6 -79 10 6 95 
(B 27 92 6 17 3 209 
STR. IO 
Ex (c 'Y Ex E.c 'Y 
ROWS (A) ... M = 19,140 IN . LB. (A 7 -I - 25 ROWS CB) ... M = 38, 300 IN . LB. 14 15 33 
STR . 9 
(6 5 - 4 -46 ALL STRAINS TO BE. MULTIPLIED BY 10-& 5 13 76 
FIG. 39. STRAINS CALCULATED FROM ROSETTE DATA . 
CYLINDER 25 
BANDS 
STR. 13 B C 0 
E F G 
ax ac T ax ac T ax ac T ax ac T ax ac T O"x O"C T 
(A) -1096 6 16 -355 - 2391 186 - 586 -2735 230 -149 7 7 7 -2391 -129 -1 58 -2075 1205 -259 
(B) -2010 930 -897 -2274 189 - 416 -3141 591 -97 3434 -106 -263 -405E - 2 19 -20 -2068 4588 -1510 
STR. 12 
O"X O"C T O"X O"c: r 
(A) -809 209 602 -924 69 -820 
(B) -2072 722 1135 -168 -1437 -755 
STR . II 
O"x ac r o"x ac -r 
(A) 182 11 8 - 3 19 136 104 384 .,. 
(B) 630 1155 24 207 93 844 
STR. 10 
O"x ac r O"X ac -r 
ROWS (A) ... M = 19 . 140 II~ . LB. 
(A) 77 13 -101 ROWS (B) ... M = 38 ,300 IN . LB. 213 222 133 
STR. 9 
(8) 44 - 29 - 186 STRESSES GIVEN IN LB. PER SQ. IN. 103 167 307 
FIG. 40. STRESSES CALCULATED FROM ROSETTE DATA. 
CYLINDER 25 
----- ------~---~ 
FIG.41. INITIAL STRAIN IN CYLINDER 24 
CAUSED BY TIGHTENING STRINGER GRIP 
FITTINGS AND RING NO. I. 
---0----- BAND A _.--l::r-._.- BAND I 
--~-----o--- BAND E 
STR SHEET 
Z 
\7' ,_\ :L:==::::::::::::::r .......... , ~ 
FIG.42. INITIAL STRAIN IN CYLINDER 24 
CAUSED BY TIGHTENING STRINGER GRIP 
FITTINGS AND RING NO.2 . 
BAND A _._.-.>-._.- BAND I 
---·x-----e>--- BAND E 
STR. SHEET 
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FIG.43. INITIAL STRAIN IN CYLINDER 24 
CAUSED BY TIGHTENING TO END STAND 
BAND A - ._ . .t.-._. - BAND I 
--x-----a--- BAND E 
STR . SHEET 
,Ji 
FIG.44. INITIAL STRAIN IN CYLINDER 24 
CAUSED BY TIGHTENING TO LOADING HEAD 
BAND A -.- .~.-. - BAND I 
--x-------o- -
STR . SHEET 
BAND E 
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VI 
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FIG.45. TOTAL INITIAL STRAIN IN CYLINDER 24 
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1 MOMENT 35.000 IN. LB. 
ICYL. SYMBOL LENGTH REMARKS 
(BAND) 
16 --0--- 45' 1 (A ,G ONLY STR. 
AVE.) BOLTED 
I 17 --;~-- 45' (A,G ONLY STR. 
i AVE.) RIVETED 
I 18 •••• -{I----- 58" I (A,! ONLY STR. 
AVE.) RIVETED 
20 _.-6- . - 45' 
1 (A,G RINGS AND 
AVE.) STR. RIVETED 
~ 1 
\\1 
~ _- I __ L- ---=3 -, 1 \\ STRAIN X 104 
1 \~\ r~, 
1 '~ 
1 ~.~~ 
1 '\~ t 
I "\>~\ 
1 '\ \ l\ 
1 \\ 1\\ 
1 \ 
1 ~ A'/ .,;:;. ~' 
" 
FIG. 46. COMPARISON OF STRAIN DIAGRAMS OF 
CYLINDERS WITH 45° CUTOUT - END BANDS . 
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\ 1\\ I \ CYL. SYMBOL LENGTH REMARKS (BAND 
1,\,\ I \6 ---<>-- 45' ONLY STR. ,\ (D) BOLTED 
\ \~ 1 17 --~~-- 4 5' ONLY STR. (D) RIVETED 
\;) I 18 ----0---- 58' ONLY STR . 
~\ 1 (El RIVETED 
I 
20 _.-fr.- . - 45' RINGS AND !\~ (D) STR. RIVETED 
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CYLINDERS WITH 45° CUTOUT - MIDDLE BANDS. 
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\\ 1 CYL. SYMBOL LENGTH REMARKS \ ~~ I (BAND) 
. \\ 
1 
19 ---<>-- 45' ONLY STR .. 
(A.G RIVETED 
\'. AVE .) 
,~ I 22 --"-- 58" ONLY STR . (A , ! RIVETED 
I 
AVE.) 
\ 23 ----0---- 58" RINGS AND 
\ 1 
CA ,! STR. RIVETED 
AVE .) 
\ 
1\ 
~ 2_ I_b, [- ~ ~_L~ __ --1 STRAIN X 104 
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FIG. 48, COMPARISON OF STRAIN DIAGRAMS OF 
CYLINDERS WITH 90° CUTOUT - END BANDS. 
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'. I I(BAND I I 
.1 I ' , 
7 ~\ 19 --0----- 45" \\ I ( D) 
6 1 I '~': I ~~ I 22 --: ~- - 58" ONLY STR. 
ONLY STR. 
RIVE TED 
\, (E) RIVET ED I ~5 ~ I 23 1----0---- 58" 
~3 \ 1 I I 
~ \ 
(E) 
RIN GS AND 
STR . RIVETED 
w2 , 
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FIG, 49, COMPARISON OF STRAIN DIAGRAMS OF 
CYLINDERS WITH 90° CUTOUT - MIDDLE BANDS_ 
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CYL. SYMBOL L ENGTH RE MARKS 
BAND 
21 --0-- - 45" ONLY STR. 
(A ,G 
AVE.) RIV ET ED 
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(A ,1 STR. R IVETED 
AVE.) 
25 -. -~ ~.- 58' ONLY STR. 
(A,1 
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I~ ~ zO 
o 
N 
3_ 2_ I 10 
-->-- ~ I -1 3 4 ~. I\~ F---'-'---- -,'----1----STRAIN X 104 a: 
o 
:I: 
:::E2 
o 
0:: 
LL3 
w (.) 
z4 ~ 
0 5 
6 
7 
8 
9 , 
, 
I 1\ 
I \ ~.\ 
I ,\ \ 
I J 
I I .I;, Vi 
I V; l/ 
I /~  1""-
III (f 
1 
FIG. 50. COMPARISON OF STRAIN DIAGRAMS OF 
CYLINDERS WITH 1350 CUTOUT - END BANDS. 
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'\ I BAND) ~ 
\ I 21 --0-- 45" ONLY STR . (D) RIVETED 
)[\. I 24 ~ 58' RINGS AND (El SHErr STR . RIVETED ----(}----
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FIG. 51. COMPARISON OF STRAIN DIAGRAMS OF 
CYLINDERS WITH 1350 CUTOUT - MIDDLE BANDS, 
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NACA TN No. 1013 Figs . 53,54 
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FIG. 53. STRAIN VARIATION ALONG STRINGER 8 - CYLINDER 18 
fIotOMENTS IN. LB. 
I. 35,600 3. 101,700 
2. 71,300 4. 1261100 
~. 142,300 
I . /82,700 
j-.~ ---.j--,----------.----- 57.87" -----;------------i"I 
6 .43" . CUTOUT . 
4 ~ 
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A B c 
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D E 
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F G H 
FIG. 54. STRAIN VARIATION ALONG STRINGER 6-CYLINDER 22 
MOMENT IN. LB. 
I. 32,800 3. 94,000 
2.70,300 4. 112,200 
-
------------~--~ -~----.--- --
.. 
Figs. 55,56 NACA TN No. 1013 
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FIG.55. STRAIN VARIATION ALONG STRINGER 7-CYLINDER 22 
. 
MOMENT IN. LB. 
I. 32,900 3. 94,000 
2. 70,300 4. 112,200 
~l-6-4-3-_1-----------57.67" ------,-----------+-1 
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FIG.56. STRAIN VARIATION ALONG STRINGER 5-CYLINDER 25 
MOMENTS I N. LB. 
I. 19,140 3. 59,9~0 
2. 38;300 4. 75,300 
--------~ 
NACA TN Nc. 101 3 Figs. 57 ,58 
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FIG_57. STRAIN VARIATION ALONG STRINGER 6-CYLINDER 25 
MOMENTS IN. LB. 
I. 19,140 
2.38,300 
3. 59,950 
4. 75,300 
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FIG. 59. STRAIN TRAJECTORIES FOR CYLINDER 17. 
MOMENT 35000 IN . LB. 
-4 VALUES OF STRAIN 10 BE MULTIPLIED BY 10. 
---+- --t-- INDICATES CENTERLINE OF STRAIN GAGES. 
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FIG. 60. STRAIN TRAJECTORIES FOR CYLINDER 18 
MOMENT 35000 IN. La 
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FIG. 61. STRAIN TRAJECTORIES FOR CYLINDER 20 
MOMENT 35000 IN. LB. 
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FIG. 62. STRAIN TRAJECTORIES FOR CYLINDER 22.~ 
MOMENT 35000 IN. LB. 
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FIG. 84. 
VARIATION IN DIMENSIONS OF CYLINDER 16 WITH MOMENT 
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FIG. 89. STRAIN FACTORS. 
PERCENTAGE OF MAXIMUM MOMENT INDICATED ON CURVES. 
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NACA TN No. 1013 Figs. 91.92 
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Figure 91.- Side view of cylinder 16 after buckling. 
NACA TN No. 1013 Fi gs. 93, 94 
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Figure 93.- Side view of cylinder 17 after buckling. 
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NAOA TN No. 1013 Figa. 95,96 
Figure 95.- Side view of cylinder 18 after buckling. 
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NACA TN No. 1013 Figs. 97,98 
Figure 97.- S1~e v1ew of cy11nder 19 after buckling. 
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NACA TN No. 1013 Figs. 99,100 
Figure 99.- Side view of cylinder 20 after buckling. 
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NACA TN No. 1013 Figs. 101,102 
Figure 101.- Side view of cylinder 21 after buckling. 
Figure 102.- Inside view of cylinder 21 after buckling. 
NACA TN No. 1013 Figs. 103,104 
Figure 103.- Side view of cylinder 22 after buckling. 
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NACA TN No. 1013 rigs. 105,106 
F~gure 105.- Inside view of cylinder 23 after buckling. 
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NAOA TN No. 1013 Figs. 107,108 
Figure 107.- Inside view of cylinder 24 after buckling. 
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NAOA TN No. 1013 Figs. 109,110 
t . 
F1gure 109. - S1de v1ew of cyl1nder 25 after buckling. 
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